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Change in crystalline morphologies of polycrystalline silicon films prepared by radio-frequency plasma-enhanced chemical vapor deposition using SiF,+H, gas mixture at 350 "C Toshiki Kaneko, Masatoshi Wakagi, and Tetsuroh Minemura Hitachi Research Laboratory, Hitachi, Japan (Received 19 April 1993; accepted for publication 30 November 1993) Polycrystalline silicon films have been deposited on glass substrates at 350 "C by radio-frequency plasma-enhanced chemical vapor deposition using a SiF4+H2 gas mixture. Crystalline fraction decreased abruptly with increasing gas flow ratio. Film structure drastically changed by increasing gas pressure from 0.4 to 2.0 Torr. At lower gas pressure, columnar crystals 30 nm in diameter grew from the glass substrates, while at higher gas pressure larger columnar crystals with a maximum diameter of approximately 100 nm grew on an amorphous Si layer approximately 170 nm thick.
In order to realize high performance thin film transistors for active-matrix liquid crystal displays with low production cost, it is desirable that polycrystalline silicon films are prepared at a temperature low enough to utilize inexpensive glass substrates. Several plasma-enhanced chemical vapor deposition (PECVD) methods have been proposed to achieve such an object. These include several conventional radiofrequency (rf) PECVD methods using monosilane (SiH,) and hydrogen (Hd),lb3 using SiH, and silicon tetrafluoride [SiF,)?5 and using SiF, and Hz gas mixtures.6 Some other PECVD methods are under consideration such as the pulsed silane flow method,7 remote plasma CVD,* and microwave PECVD using SiF,+H, gases. ' In these studies, it is recognized that heavy dilution of SiH, with HZ causes microcrystallization of silicon films. '" Furthermore, exposure of amorphous silicon films to hydrogen radicals also leads to formation of microcrystalline silicon (,uc-Si) films.7 Hydrogen radicals are an essential media to induce crystallization of silicon films, because hydrogen radicals helps structural relaxation in the long-range order or rearrangement of absorbed species which leads to crystal nucleation. However, both the crystalline fraction, X,, and crystalline size are still small as long as the Sil& and Hz gas mixture are used for source gases. This is considered to be due to a low crystal growth rate, because the deposition rate is generally low'" when a SiH,+H, gas mixture is used for ,uc-Si fabrication, although hydrogen radicals can promote microcrystallization.
It is expected that polycrystalline silicon films with a larger crystalline fraction, Xc, and crystalline size can be obtained by controlling crystal nucleation and crystal growth during deposition, even at low temperatures, for example, 300-350 "6. Suppression of crystal nucleation frequency and increase in crystal growth rate should cause polycrystalline silicon fdms with good crystallinity, because crystal nucleations followed by rearrangement of absorbed species would hinder the crystal growth.
We have attempted to use fluorine radicals to realize this goal. The strong affinity of fluorine with hydrogen can reduce the crystal nucleation frequency on a film surface since the amount of hydrogen radicals could be decreased by forming hydrogen fluoride. Furthermore, fluorine is expected to increase the crystal growth rate, because fluorine could form the precursor, SiF,H, which is produced by the collision between Si fragments, SiF, , and hydrogen radicals, and contribute to an increase in the deposition rate of Si films."
In this letter, we used a SiF,+H2 gas mixture--one of the three alternatives SiH,+f;,, SiF,+SiH,, and SiF,+H,. This combination eliminates the explosive SiH,. We intended to achieve good crystallinity polycrystalline silicon films using SiF4+H, gas mixture at 350 "C by conventional rf (13.56 MHz) PECVD. We report a drastic change in crystalline morphology with change in deposition parameters.
The films approximately 300 nm thick were deposited on glass substrates (HOYA NA40) at 350 "C by a capacitively coupled parallel-plate electrode reactor. The gas flow ratio, V(SiF,)/[V(SiF,)+ V (H,)], and the gas pressure were varied from 0.25 to 0.5, and from 0.4 to 2.0 Torr, respectively. Radio-frequency power density was fixed at 0.2 W/cm2.
The crystalline fraction of samples were investigated by Raman scattering method. An Ar' laser with 488-nm line was used for an excitation source. The Raman spectrometer was a double monochromator (Jobin Yvon HR-1000) equipped with a cooled photomultiplier and a digital photon counting system. In order to investigate nonuniformity of crystallinity, the Raman spectra were measured from both the top and bottom surfaces of the films. By using the leastsquares fitting method, the TO (transverse optical phonon) mode spectra were decomposed into three peaks; a crystalline peak (520 cm-l), an amorphous peak (480 cm-'), and an intermediate peak (about 510 cm-'). The intermediate peak is considered to be caused by the size effect of crystalline phases smaller than 10 nm." The crystalline fraction, X, , was determined from the following equation,12 0)
Here, I,, Ia, and I,,, are integrated intensities of the crystalline, amorphous, and intermediate peaks, respectively, and (+ is the ratio of integrated Raman cross section for amorphous phase to crystalline phase. The value was chosen to be one based on the previous analysis.12
The films were also analyzed by x-ray diffraction method. Average crystalline size was determined from the value of full width at half-maximum (FWHM) of (110) and (111) Figure 1 shows the crystalline fraction, X, , as a function of the gas flow ratio. Gas pressure and total flow rate are fixed at 0.2 Torr and 120 seem, respectively. X, is almost constant with the increase in the gas flow ratio until 0.75. As the gas flow ratio increases from 0.75 to 0.9, X, rapidly decreases and an entirely amorphous Si film is deposited at 0.9.
It is clear that the abrupt decrease in X, shown in Fig. 1 is caused by the decrease in crystal nucleation frequency. This is due to the decrease in amount of hydrogen as well as the increase in fluorine in the rf plasma. Furthermore, it is plausible that the decrease in the number of hydrogen radicals caused by HF formation reaction contributes to the decrease in crystal nucleation frequency.
However, it is found that the values of FWHM of Raman spectra of the films are comparable to that of microcrystalline Si deposited by hydrogen dilution method, indicating that the crystalline size is still small. This is probably due to the low deposition rate, namely from 2 mn/min to 8 nm/min when gas flow ratio is varied from 0.25 to 0.9 in Fig. 1 . In order to obtain much higher deposition rate for predominantly crystalline growth, we attempt to increase density of gas molecules by increasing gas pressure at the gas flow ratio of 0.75, at which the crystal nucleation frequency begins to decrease.
Figures 2(a)-2(c) show deposition rate, crystalline fraction, Xc, and crystalline size, respectively, as a function of gas pressure in the range from 0.4 to 2.0 Torr at the total flow rate of 360 seem. In Fig. 2(a) , the deposition rate increases sharply with increasing the gas pressure. The rate at 2.0 Torr is 35 nm/min, approximately ten times that at 0.4 Torr. This is due to the fact that the number of precursors is drastically increased with gas pressure as predicted before. Furthermore, in the lower gas pressure region, fluorine radicals, which do not form precursors contribute to suppression of deposition rate by etching of silicon films. Therefore, it can be concluded from the above, that the deposition rate increases more than linearly with increasing pressure.
Prom Fig. 2(b) , we find two distinct crystalline morphologies. The characteristics of these morphologies are described as follows. (1) ferences are small. This shows that the structure does not change much in the direction perpendicular to the substrate plane. X, are in the range from 50% to 80%. Crystalline sizes evaluated from (110) and (111) diffraction lines are 34 and 20 nm, respectively. (2) Pressure region higher than 0.7 Torr: X,(s) is approximately 50%, whereas X,(b) is less than 5%. This can be explained by a stacked film structure with a top polycrystalline silicon layer and a bottom amorphous Si layer. Crystalline size increases with the increase in gas pressure. At the gas pressure of 2.0 Torn the values from (110) and (111) the film prepared at 0.4 Torr is 3X1019 atoms/cm3 which is approximately three times larger than that of the film prepared at 2.0 Torr, 9X 1018 atoms/cm3. It is considered that the impurities of crystalline films as well as the crystalline nucleations maybe impede grain growth especially at lower gas pressure region.
The reason of the drastic change in crystalline morphology with respect to gas pressure is discussed next. The formation of amorphous Si phase just above the glass substrate as shown in Fig. 4(a) is due to the decrease in the crystal nucleation frequency. As discussed in Fig. 1 , it is considered that the decrease in crystal nucleation frequency is caused by the decrease in hydrogen radicals. On the other hand, the fact shown in Fig. 2(a) that the deposition rate increases with the increase in gas pressure should show the increase in the amount of the precursor, SiF2H,t0 with respect to gas pressure. From the above consideration, it is suggested that the origin of the drastic change of crystalline morphologies is a significant decrease in hydrogen radicals caused by the increase in collision frequency with gas pressure. Namely, in the lower pressure region, the large amount of hydrogen radicals contribute to crystal nucleation at the beginning of the film deposition. In higher pressure region, hydrogen radicals are consumed to form precursors and hydrogen fluoride molecules. As a result, the amorphous phase grows on the glass substrate since little crystallization due to hydrogen radicals occurs. Once a small amount of crystal nucleation occurs, large diameter crystalline phase can grow predominantly due to the higher growth rate.
In conclusion, for the first time, we have deposited polycrystalline silicon films on glass substrates at 350 "C by rf PECVD using a SiF,-l-HZ gas mixture. We have shown that polycrystalline silicon films with large crystalline size were achieved by suppressing crystal nucleation frequency and enhancing deposition rate. The film structure changed drastically with the increase in gas pressure. At lower gas pressure, columnar crystals with 30 nm in diameter grew from the glass substrates, on the other hand, at higher gas pressure, larger size of columnar crystals with the maximum diameter of approximately 100 nm grew above a certain thickness of amorphous Si layer.
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